Purpose of review Erythropoietin (EPO) is necessary and sufficient to trigger dynamic transcriptional patterns that drive the differentiation of erythroid precursor cells into mature, enucleated red cells. Because the molecular cloning and Food and Drug Administration approval for the therapeutic use of EPO over 30 years ago, a detailed understanding of how EPO works has advanced substantially. Yet, the precise epigenetic and transcriptional mechanisms by which EPO signaling controls erythroid expression patterns remains poorly understood. This review focuses on the current state of erythroid biology in regards to EPO signaling from human genetics and functional genomics perspectives.
INTRODUCTION
The human body is composed of several hundred terminally differentiated cell types. The cellular identity for each of the estimated 10-100 trillion cells in the human body is maintained through stable inheritance of gene expression patterns. The mechanisms underlying differentiation and cell identity have been intensively studied for several decades. Given its experimental tractability, the hematopoietic differentiation system has served as a paradigm for understanding epigenetic and gene regulatory determinants of cell fate. In particular, the production of red cells via erythropoiesis is one of the most well studied branches of the hematopoietic cell lineage.
Erythropoietin (EPO) is the primary hormone regulator that controls erythroid cell maturation, a process that is required for the daily replenishment of nearly 1% (200 billion) of the circulating red blood cells [1] . Terminally differentiating erythroblasts include, in sequence, proerythroblasts (ProEs), basophilic (BasoEs), polychromatophilic (PolyEs), and orthochromatic erythroblasts (OrthoEs) as defined by their morphological staining and immunophenotype characteristics [2] . ProEs depend on EPO for survival and continued differentiation [3] . As the kidneys produce most of the body's EPO, exogenous EPO therapy effectively manages chronic anemia due to renal failure [4, 5] . EPO binding to its cognate receptor activates the Janus Kinase 2 (JAK2), which activates the transcription factor signal transducer and activator of transcription 5 (STAT5) [6] . STAT5, together with other transcription factors TAL1, GATA1, and KLF1 (hereafter, the latter three referred to collectively as 'master regulators'), bind enhancers to direct erythroid differentiation by orchestrating dynamic gene expression programs that culminate in the massive expression of globin genes and enucleation of red blood cells [7] [8] [9] [10] . Enhancers are cisregulatory elements dispersed throughout the genome that serve to regulate the transcription of genes, often in response to extracellular stimuli or developmental signals. Erythroid enhancers represent a critical link between EPO signal transduction and erythroid transcriptional patterns. Absence of any one of these proteins (EPO, JAK2, STAT5, TAL1, GATA1, or KLF1) in mice results in severe anemia and death by midgestation [11] [12] [13] [14] [15] [16] [17] .
The goal of this review is to provide an integrative view of the gene regulatory underpinnings for erythroid expression patterns that are dynamically shaped during erythroid differentiation. In particular, this review highlights recent studies involving the interplay of erythroid transcription factor-binding patterns, epigenetics, and chromatin domains (Fig. 1 ).
Model systems to study erythropoiesis and erythropoietin signaling
From fly to mouse to human, many excellent model cell systems have been developed to study
KEY POINTS
An integrative view of transcription factors, epigenetics, and chromatin interactions is critical to understanding the interplay of these areas in erythroid gene regulation.
Key erythroid transcription factors (TAL1, GATA1, KLF1, and STAT5) bind enhancers to direct erythroid differentiation by orchestrating dynamic, cell-typespecific gene expression programs.
EPO stimulation modulates the enhancer repertoire of erythroid precursor cells.
Long-range chromatin contacts during erythropoiesis provide a framework for understanding the intersection of EPO signaling, transcription factor binding, and enhancer dynamics. Integrative model illustrating how transcription factors, enhancers, and chromatin looping work together to recruit Pol II to promoters during erythropoiesis. The erythroid master regulator transcription factors (GATA1, KLF1, and TAL1) predominantly bind to enhancers (denoted by purple rectangles) in various assemblages in conjunction with accessory proteins, including E2A, LDB1, and LMO2. E2A is a member of the E protein family of helix-loop-helix transcription factors that forms a heterodimer with TAL1 to bind DNA. With LMO2 tethering LDB1 to erythroid transcription factors, LDB1 facilitates higher order complex assembly and chromatin looping interactions via LDB1 homodimerization [8] . EPO-EPOR-JAK2 signaling directly activates STAT5, which integrates with the master regulators by cooccupying several hundred GATA1 bound enhancers [34 && ]. Transcription factors and enhancers interact within the confines of topologically associated chromatin domains that are structurally held together by CTCF and cohesin, as well as other regulatory and structural factors.
erythropoiesis [2, 18] . However, as most model cell systems are cultured in the presence of EPO, among other cytokines, it remains challenging to tease apart EPO-dependent mechanisms of action. Thus, to facilitate the study of EPO-dependent processes, a few model systems have been developed that synchronously proceed through erythropoiesis in response to EPO stimulation [19, 20] . In addition, EPO-responsive murine J2E and human UT7 leukemogenic erythroid cell lines provide a nearly unlimited source of cells that are suitable for experiments requiring a large number of cells [21, 22] . In some cases, brief serum starvation and EPO add back experiments have been used as a proxy for elucidating EPO-modulated processes [23, 24] .
Identifying etiological mutations in human genetic studies can also be the source for unique biological insights. For example, a recent report described a rare homozygous mutation in EPO resulting in a condition of severe anemia that was originally diagnosed as Diamond Blackfan Anemia [25 && ]. However, genome-wide exome sequencing revealed the EPO R150Q mutation in this patient, suggesting that this case was distinct from Diamond Blackfan Anemia. Remarkably, although the EPO mutant bound to the EPO receptor (EPOR) with near wild-type affinity and activated STAT5, erythroid cell proliferation and differentiation were impaired. The authors proposed a model consistent with the data wherein the anemia-associated EPO mutation alters the kinetics of receptor binding, which results in biased downstream JAK2 signaling response. Importantly, this recent study underscores the value of genetic studies in identifying new and perhaps treatable forms of anemia. Indeed, reorienting ligand-receptor interactions has been proposed as a strategy for developing more potent and selective erythropoietic stimulating agents [22] .
Erythropoietin stimulates signal transducer and activator of transcription 5 binding to several hundred genomic locations
In response to environmental stimuli, transcription factors interpret the cellular genome to alter transcriptional output. Erythroid expression patterns are highly dynamic and have been extensively studied by genome-wide expression profiling [1, [26] [27] [28] , providing numerous insights into the molecular pathways that control red blood cell development. Additionally, expression profiling of EPO starvation experiments in ProEs derived from primary fetal liver showed that EPO signaling modulates the expression of several hundred genes involved in cell survival signaling and cell identity [20, 24] . Although, the trio of erythroid master regulators (GATA1, KLF1, and TAL1) has been extensively studied and their binding locations known in a number of model systems [8] , less is understood regarding how EPO-dependent STAT5 binding throughout the genome is connected with temporal patterns of erythroid gene expression.
During erythropoiesis, EPO signaling primarily activates three signaling pathways: JAK-STAT, phosphatidylinositol-3-kinase, and mitogen-activated protein kinase [29] . In regards to the EPO-JAK-STAT axis, EPO has been suggested to serve as a rheostat, or dimmer switch, for STAT5 signaling in erythroid cells [30] . EPO-stimulated STAT5 activation is necessary and sufficient for erythropoiesis [31] . Yet, a key challenge remains in understanding how STAT5 signaling and chromatin binding are linked to changes in erythroid expression patterns. These data are critical to connecting the molecular dots between EPO stimulation and subsequent STAT5 activation to the erythroid epigenetics and transcription programs. Although STAT5 ChIP-seq data are available in a few cancer cells lines [32, 33] , a comprehensive set of STAT5-binding locations in an erythroid model have been lacking.
To address this gap in understanding, a recent study identified direct targets of EPO-activated STAT5 during erythropoiesis using complementary functional genomic approaches [34 && ]. In a well designed study, a short timeframe enabled identification of direct STAT5-binding targets, whereas nascent transcription profiling captured rapid changes in gene expression in response to EPO stimulation. Within 30 min of EPO stimulation of murine J2E cells, STAT5 occupied over 300 genomic locations that were predominantly promoter distal enhancer regions. STAT5-binding locations that were co-occupied by GATA1 and/or KLF1 tended to be linked to erythroid-related genes, suggesting an integration of EPO-JAK-STAT signaling and the erythroid master regulators. Indeed, nearly half of STAT5-binding locations were co-occupied by GATA1 and/or KLF1. In contrast, housekeeping genes were primarily bound by STAT5 in the absence of GATA1 and KLF1. This raises the question of whether STAT5 and the master regulators (GATA1, KLF1, and TAL1) are each necessary and/or additive for proper expression and timing of erythroid genes. Given that GATA1 and KLF1 are known to assemble into LDB1-mediated complexes [8] , how then does STAT5 biochemically fit into this regulatory picture? In summary, a number of important advances were made by this study in regards to how EPO works to promote erythropoiesis, including the identification of EPO-responsive genes, which is relevant to therapeutic treatment with EPO.
Transcription factors bind to enhancer regions to drive cell-type-specific gene expression patterns. Although enhancers relevant to erythroid cells have been identified, the mechanism by which EPO alters the dynamics of histone modifications has not been defined. Enhancer elements operate from promoter distal regions of the genome independent of gene orientation [35] [36] [37] . Collectively, transcription factors orchestrate cell-type-specific transcription programs by binding to their cognate sequence motifs within specific enhancers and recruiting coregulators and RNA polymerase II (Pol II) to promoters to initiate transcription [38] [39] [40] . Enhancer segments are typically co-occupied by combinations of transcription factors that influence gene expression programs, often integrating signals from multiple pathways.
Shaping the epigenome in a given cell type involves coordinate activities of transcription factors, together with nucleosome modifiers and remodelers [41, 42] . In particular, enhancer elements are demarcated by histone 3 lysine 4 monomethylation (H3K4me1) and histone 3 lysine 27 acetylation (H3K27ac) [43] [44] [45] . This signature distinguishes enhancers from promoters, which are marked by histone 3 lysine 4 tri-methylation (H3K4me3).
Recent reports tracking histone modifications described the erythroid enhancer landscape in human and murine erythroid cells [46] [47] [48] . Interestingly, despite the dramatic transcriptional changes that accompany erythropoiesis, previous work found that broad features of chromatin states remain largely unchanged during GATA1-induced differentiation in the murine G1E-ER4 cell line [48] . This study suggested that erythroid enhancers are established in erythroid precursor cells, but precisely when this occurs remains unclear. Although the locations of erythroid enhancers have been determined in murine and human cell systems, how EPO influences the enhancer landscape is currently unknown.
A recent study investigated how EPO modulates the erythroid epigenome by performing epigenetic profiling using an ex-vivo murine cell system that undergoes synchronous erythroid maturation in response to EPO stimulation [49 && ]. In this study, the authors identified a repertoire of EPO-modulated enhancers, illuminating a new facet of EPO signaling. EPO stimulation altered the histone mark signatures across several thousand enhancer locations, revealing a cis-regulatory network of EPO-responsive enhancers. In contrast, most of the other identified enhancers remained in an active acetylated state during EPO signaling, suggesting that most erythroid enhancers are established at an earlier precursor stage. Together, these findings defined a cis-regulatory enhancer network for EPO signaling during erythropoiesis, provided a framework for future studies involving the interplay of epigenetics and EPO signaling, and highlighted an underappreciated role for EPO in reprogramming the epigenome.
Erythroid enhancers operate in the context of topologically associated chromatin domains
Enhancers and promoters operate in the context of distinct chromatin neighborhoods. Transcription factors exert their influence on gene expression patterns via enhancer binding and facilitate longrange chromatin contacts between enhancer and promoter regions. These enhancer-promoter interactions are identified at various resolutions, from two specific genomic loci to whole genome. Chromosome conformation capture (3C) technologies identify in-vivo chromatin contacts using a proximity DNA ligation assay [50] . The seminal 3C technique served as the basis for the development of a more diverse tool kit of chromatin contact assays, such as 4C, 5C, Hi-C, ChIA-PET, among others, which have been extensively reviewed [51] [52] [53] [54] . Specifically, Hi-C was used to characterize genome-wide topologically associated domains (TADs) in mouse and human that tends to be flanked by the insulator-binding protein CCCTC-Binding factor (CTCF) [55] .
In hematology, distant chromatin looping interactions have long been subject of intense study with the experimental paradigm of the b-globin locus and locus control region. Two recent reports applied 3C-based technologies to erythroid cells to understand the molecular mechanisms involved in a-globin gene expression and CTCF-dependent chromatin contacts [56
examined whether chromatin topology and transcription of the a-globin locus was dependent on specific CTCF-binding sites. To examine the dynamics and specificity of the a-globin sub-TAD (i.e., subTADs typically fall between 40 kb and 3 Mb), the capture-C assay was applied to murine erythroid and nonerythroid stem cells. Interestingly, although the a-globin locus is flanked by constitutively bound CTCF sites, these sites contact one another specifically in erythroid cells during erythropoiesis. Next, to dissect the regulatory underpinnings of this erythroid tissue-specific sub-TAD, elegant mutational studies were conducted in mice that specifically eliminated convergent CTCF-binding sites flanking the a-globin locus, singly or in various combinations.
Disruption of a specific combination of CTFC sites resulted in loss of CTCF binding, as expected, but more importantly altered interactions between the regions of chromatin flanking the a-globin locus. In summary, the authors proposed that the CTCFbound chromatin positions surrounding the a-globin TAD serve to restrict and guide local enhancer interactions to a-globin promoters.
It is becomingly increasingly clear that in addition to CTCF and cohesin, other factors, such as bromodomain and extraterminal motif protein 2 (BRD2), are critical for establishing and maintaining long-range chromatin contacts [57 && ]. Although BRD2 is necessary for the expression of some GATA1-activated genes during erythropoiesis, BRD2 does not colocalize with GATA1 [58] , suggesting BRD2 and GATA1 may promote erythroid maturation through distinct mechanisms. To investigate this further, a recent report by Hsu et 
&&
] examined the role the BRD family of proteins played in establishing transcriptional and architectural chromatin boundaries in erythroid cells. Global protein-DNA interaction profiling showed that BRD2 and CTCF tend to colocalize throughout the genome, and that BRD2 occupancy depends upon CTCF, whereas CTCF occupancy was independent of BRD2. Genome editing followed by the Hi-C assay showed that disrupting CTCF/BRD2-occupied elements impaired the architectural boundaries established by CTCF/BRD2 and resulted in promiscuous enhancer-promoter contacts and inappropriate transcription of nearby genes. Taken together, the authors propose a model wherein CTCF recruits BRD2 as a necessary cofactor to maintain the integrity of transcriptional and architectural boundaries.
CONCLUSION
The glycoprotein hormone EPO stimulates erythropoiesis wherein erythroid precursor cells proceed through an exceedingly complex network of molecular signaling, epigenetic modifications, and transcriptional dynamics that ultimately produce enucleated red cells. Integrating and connecting the molecular dots between EPO signaling and the spatiotemporal transcriptional patterns continues to be a challenging task and many questions remain.
Determining the EPO-induced STAT5-binding locations in the J2E murine erythroid cell line represents an important first step in linking EPO to control of erythroid gene expression [34 && ]. However, the extent to which STAT5-binding patterns are conserved from mouse to human remains unclear. Given that altered chromatin occupancy of master regulators has been proposed to underlie the evolutionary divergence in erythroid transcription patterns [27, 59] , it will be interesting to examine how STAT5 binding-patterns differ among other mouse and human model systems. Although STAT5 co-occupied several hundred locations in mouse J2E cells with GATA1 and KLF1, STAT5 was not enriched at the promoters of the master regulator genes. In contrast, data from an Encyclopedia of DNA Elements study showed that STAT5 was enriched at the GATA1 and TAL1 promoters in the human erythroleukemic K562 cell line [33] , which raises the intriguing question of whether EPO-stimulated STAT5 activity regulates the temporal expression of some erythroid master regulator genes in a more physiologically relevant model system for erythropoiesis.
Although transcription factors frequently bind to promoters, their predominant genome-wide distributions reside within distal enhancer regions. In this review, we highlighted a recent report that linked EPO signaling to changes in the enhancer landscape [49 && ]. However, more work is necessary to establish functional significance for the several thousand candidate enhancer regions that display EPO responsiveness. Still, establishing a causal link between enhancer activation or repression with a corresponding gene activity is a challenging task, particularly on a genome-wide scale. Further confounding this pairwise enhancer-promoter association is the observation in previous studies that multiple enhancers can together fine tune the expression of a single gene [60, 61] . Thus, additional studies are required to establish a regulatory link between enhancer regions and target genes. For example, in a recent study, Hewitt et al. [62 & ] elegantly dissected the mechanisms underlying the functional relationship between a GATA2-regulated enhancer and a gene involved in red cell regeneration and survival. Although Clustered Regularly Interspaced Short Palindromic Repeats has accelerated efforts to functionally validate enhancers, linking enhancers to their regulatory target genes remains a daunting task. To circumvent this limitation, machine learning methods and computational modeling of cis-regulatory networks can support efforts to understand the rules governing how enhancers associate with target genes and subsequently better focus experimental design.
Given that enhancers frequently skip over the nearest gene to loop to a more distant gene [63] , 3C-based assays are necessary to link enhancers to target genes that they potentially regulate. Long-range chromatin interaction assays performed on a genome-wide scale highlighted in this review [56 && ,57 && ] extend previous locus-specific looping studies in erythroid cells and complement enhancer profiling studies. It is becomingly increasingly clear that in addition to CTCF and cohesin, other factors, such as BRD2 and LDB1, are critical for establishing and maintaining long-range chromatin contacts [64] . For example, a recent study suggested that the Ying Yang 1 transcription factor is a structural regulator of enhancer-promoter loops in a similar manner to CTCF-cohesion-mediated looping [65] . Last, the extent to which EPO signaling influences chromatin looping contacts remains an open question.
Pursuing these avenues of research in an integrative fashion will yield important insights into erythropoiesis and anemia, and more broadly further our understanding of how hormone signaling pathways control gene expression patterns in the context of differentiation systems. As new regulators and signal transducers of EPO-signaling continue to emerge [29] , new clinically relevant targets should be identified that improve the specificity and effectiveness of EPO therapy.
